This paper analyzes the nucleotide sequences of three viruses: Kunjin, west Nile, and yellow fever. Each virus has one long open reading frame of > 10,200 nucleotides that codes for four structural and seven nonstructural genes. The Kunjin and west Nile viruses are the most closely related pair, when assessed on the basis of matches between their nucleotide sequences. As would be expected, the matching is least for bases at third-position codon sites and is greatest for second-position sites. Statistics are presented for the numbers of mismatches that are transitions or transversions. Nucleotide base usage is also reported. To each of the 33 virus-gene segments, nonhomogeneous Markov chain models have been fitted to describe the sequences of nucleotide bases. The models aIlow for different transition probabilities ("transition" is used in the mathematical sense here) and for different degrees of dependency, at the three sites in the codons. Reasonably satisfactory fits can be obtained for many of the genes by using models that are first order for both firstand second-position sites in the codon but that are second order for third-position sites. One consequence of such a model is that the correlation between one amino acid and the next is limited to the correlation of the last base of the former with the first base of the latter. Other consequences are that the model can (and does) prohibit the occurrence of stop codons within a gene and that subsequences of only first-position bases, or only third-position bases, are also first-order Markov chains. In theory, second-position subsequences may not be Markov chains at all. In practice, the data suggest that each of these subsequences is effectively a zero-order Markov chain, i.e., bases spaced three apart are statistically independent. Stationarity of nucleotide base distributions can be interpreted in either of two ways: ( 1) spatially along the sites or (2) temporally at each site. These interpretations must often be inconsistent, when the former allows for Markov dependence between adjacent sites whereas the latter assumes independence between sites. The inconsistency can be overcome, for these viruses, if subsequences at different codon positions are analyzed separately.
Introduction
Many review articles and books have been written on the statistical analysis of nucleotide sequences. Some recent ones are by Barry and Hartigan ( 1987) ) Weir (1988), Curnow and Kirkwood (1989) , Waterman (1989) , and Weir (1990, chap. 7 ) . Both homogeneous and nonhomogeneous Markov chains have been proposed as models for the sequences. In the present paper, I model viral sequences as nonhomogeneous Markov chains, allowing different degrees of dependencies at the three codon positions. One motivation for such a model is that, if there were to be a first-order
Markov dependency in amino acid sequences, then the dependencies at the nucleotide level might be up to third order for first-position bases, up to fourth order for secondposition bases, and up to fifth order for third-position bases. It transpires that, for the sequences studied here, different orders are indeed suggested by the data but that, rather than third, fourth, and fifth order, first, first, and second orders suffice for many genes. Yet it is still the case that bases spaced three codon positions apart form subsequences within which the bases are approximately independent and identically distributed. Before the discussion of Markov modeling, a brief survey of some of the more straightforward features of the viral data set is given.
The Viral Sequences
The data are the nucleotide sequences for Kunjin, west Nile, and yellow fever viruses [ GenBank accession numbers D00246, M 12294 (also see M 10 103)) and K02749, respectively]. The Kunjin virus sequence has already been compared with the other viruses, by Coia et al. ( 1988) . Apart from relatively short noncoding regions at each end of the DNA, there are 11 gene coding regions in succession on each virus; four are abbreviated as C (core), prM (precursor to M), M (membrane), and E (envelope), and seven are the nonstructural proteins NS 1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5. There are some slight differences in gene lengths between the viruses, as given in table 1.
Y. Ina, M. Mizokami, E. Orito, E. N. Moriyama, M. Yamamoto, and T. Gojobori (personal communication) have constructed phylogenetic trees involving these three viruses, among others. They showed that Kunjin and west Nile viruses have diverged quite recently; the common ancestor of all three viruses was considerably farther back in time. My analysis supports that conclusion. For instance, table 1 indicates that nine of the 11 genes are of the same length in Kunjin and west Nile, whereas only four yellow fever genes have lengths common to the other viruses.
A more precise comparison can be made by looking at matches of the cDNA nucleotide bases (A, U, C, and G) at corresponding codon positions. For the four genes (M, NS 1, NS4A, and NS5 ) that have identical numbers of nucleotides in each Total   366  366  276  276  225  225  1,503  1,491  1,056  1,056  693  693  393  393  1,857  1,857  447  447  765  768  2,715  2,715  10,296  10,287   360  267  225  1,479  1,056  672  390  1,869  447  750  2,715  10,230 virus, the percentages of matches between each pair of viruses and between all three viruses have been calculated. This ignores the possibility that insertions and/or deletions may have occurred since divergence of these genes; their alignments are taken as is. For the remaining seven genes, deletions and/or insertions must have occurred in at least one virus; usually the yellow fever gene is shorter than the others. No attempt to align sequences of different lengths is made here.
The results for four genes are presented in table 2. For each gene (at each codon position, as well as over all codon positions) the proportion of nucleotide matches is much higher between Kunjin and west Nile than between the other two pairs and, of course, much higher than matches across all three viruses. The Discussion (below) mentions one way by which these matches may be assessed.
Two other conclusions, at least, can be drawn from table 2. There is considerably less matching at the third-base position than at the other two positions. This is to be expected because of the high redundancy of the genetic code at the third codon position. Also, perhaps for a similar reason, there is less matching at the first position than at the second. It might be noted that only one amino acid, serine, has a second-base redundancy, whereas two, leucine and serine, have first-base redundancy and 18 have third-base redundancy. If amino acids are to be conserved across viruses for functional reasons, one would expect that the most conserved position would be the second, followed by the first position and then the third position. These expectations am fulfilled by the data here and have been observed by others (see, e.g., TavarC 1986, tables 3.2 and 3.3). The two conclusions in the previous paragraph also apply to the comparison of the Kunjin and west Nile viruses, at the five other genes for which those two viruses have the same number of nucleotide sites. Also, the same conclusions hold for matches of each base-A, U, C, and G-separately as well as collectively (not shown). Where bases do not match across viruses, there is a tendency for the changes between the Kunjin and west Nile viruses to be "transitions" (A-G or U-C) rather than "transversions" (U or Cc-*A or G). However, for the other pairs of viruses, changes tend to be transversions rather than transitions. A summary of the counts of these changes, for the four genes of the same length, is given in table 3.
There are nucleotide base-usage differences between viruses, between genes, and between codon positions within genes and viruses. Taking space constraints into consideration and at the risk of oversimplifying the situation, table 4, in showing the number of sites that are occupied by the various bases, ignores codon position. These numbers are given for each gene-virus combination for each of the four genes of common length. Overall, U and C are less common than A and G, and this is a fairly usual pattern in many species (e.g., see Weir 1990, table 7.5; also see the results for first-and second-position bases in coding regions, given in Gojobori et al. 1982b, table 3) . But gene NS4A has quite high U usage. Table 5 emphasizes the base-usage differences between the three codon positions. It shows the numbers of sites, accumulated over all 11 genes, that are occupied by the various bases. Here, each codon position is counted separately, together with their totals. The viruses have slightly different lengths for their 11 gene totals, as in table 1. The previous main conclusion-that U and C are less common than A and G-is true at codon position 2 in particular, but we see that, at position 1, C and G are the more common bases and, at position 3, A and U are the more common bases. Both  table 4 and table 5 show that base usage is similar for the three viruses.
Fitting A Model
Consider the sequence XI, X2, X3, ---of nucleotide bases in a gene, with XI being in the first codon position in the first codon of that gene. Suppose, as is true in the viral sequences, that six bases upstream from the start of the gene-bases denoted byX-5,X-4,X-3,X-2,X-1,XOare also available. A nonhomogeneous Markov chain model of up to order 5 requires transition probabilities ("transition" in the mathematical sense, not in contrast with "transversion") here denoted by (il,i2,i3,i4,i5;i6) , Pc2) (il,i2,i3,i4,i5;i6) , Pc3) (il,i2,i3,i4,i5;i6) . (1) The superscript indicates whether the probability applies to a base at the first, second, or third codon position, and the arguments indicate that the probability is for the site to have a base of type i6, given that the five previous bases were of types i, ,i2,i3,i4, and is, extending back at least to the start of the previous codon. The probabilities P(j) are assumed to apply homogeneously to all sites in codon position j (j = 1,2,3) throughout the gene. However, different genes may have different transition probabilities in any virus. The transition probabilities are estimated by using the observed proportions of times that bases i, ,i2, . . . , i5 are followed by base i6. Transition probabilities of lower orders (k = 4,3,2,1) may be estimated similarly. To test the adequacy of a I&h-order model rather than a more general (k+ 1 )thorder model, a possible test statistic is Lk = 2<h+,-ii>, (2) where !$ denotes the logarithm of the likelihood of getting the observed sequence of bases (in the virus, gene, and codon position in question) by using the estimated transition probabilities for the kth-order model. Such a statistic has been used in the gene-sequence context, e.g., by Blaisdell ( 1985) , who considered in particular L,, L2, and LX. He did not distinguish between codon positions. As a I&h-order model for a particular codon position requires 3 X 4 k independent parameters, and provided that enough bases have been used in calculating the estimates, Lk will have approximately a x2 distribution on 9 X 4 k degrees of freedom (df) if the kth-order hypothesis is true. (e.g., see Chatfield 1973) . (This ignores certain complications which would arise if, e.g., models were fitted in which it was assumed that stop sequences UAA, UGA, and UAG have zero probability of occurring as a codon in a gene.) Considering in turn L4, Ls, L2, L1, and Lo, and comparing them against the upper-5% quantiles of the x2 distributions with df 2,304, 576, 144, 36, and 9, respectively, the dependence order is estimated as being the least order which is not rejected by these stepwise tests. Of course there are other methods (e.g., those based on information concepts) for estimating the order of a Markov chain; they are not used here. Table 6 shows the orders of dependency that are suggested by the Lk statistics. There is not complete agreement between genes or between viruses, at any codon 
position. However, of the 33 virus-gene combinations at the first position, 24 suggest that first-order dependence is appropriate. This is in contrast to the Tavark and Song ( 1989 ) observation that, for many genomes, a first-position base is often of zero order and not influenced by the last base on the previous codon.
With regard to the second position, there is considerable variability in (apparent) order, although 17 of the 33 cases have been classified as first order. At the third position 18 of the 33 have been classified as second order. A democratic vote might therefore conclude that a reasonable model, for many of the genes in the various viruses, has Markov-like dependencies of order 1 for first-and second-position bases and has order 2 for third-position bases. Indeed, 2 1 of 33 virus-gene combinations are consistent with ( 1,1,2) orders over the three positions, allowing for possible overfitting of order.
Likelihood-ratio tests were carried out to see whether there was homogeneity, across genes, of transition probabilities for any particular codon position in any particular virus. The approximate x2 tests, not shown here, proved that there were significant differences. This is unfortunate from the point of view of presenting a neat summary of the maximum-likelihood estimates, as at least some of the 11 genes have transition probabilities different from the others'.
Likelihood-ratio tests were also canied out to test whether there were any significant differences between transition probabilities for the three viruses. Each gene and each codon position was tested separately. For the first-and second-position tests, first-order models were fitted throughout, irrespective of whether table 6 indicated these as being appropriate for that particular gene / codon-position combination. For third-position tests, second-order models have been used throughout. The (approximate!) x2 values are presented in table 7, where Kunjin and west Nile viruses are first tested for homogeneity (on the grounds that these are more closely related) and where all three viruses are then tested simultaneously. The table indicates that three of 66 x2 values exceed the nominal 5% upper-significance values; none exceed the 1% value. Such cases suggest that the viruses being tested may have different transition probabilities at a few (gene/codon position) combinations, but overah, we might conclude that corresponding transition probabilities are essentially equal across the three viruses. In table 7 the case of greatest inhomogeneity across viruses is for the prM gene, from codon position 3 to the next codon position 1. The first-order estimates PC') are given in table 8. Although the differences between the Kunjin and west Nile viruses are nominally statistically significant at the 5% level, each proportion is estimated from only -20 cases, so that too much should not be made of such inhomogeneities.
There are several cases, especially for first-base-to-second-base-transition prob- abilities, where the x2 values in table 7 were lower than either the 5% or the 1% significance values. These cases suggest not only that the transition probabilities are in good agreement across the viruses but that they are in "too good" agreement to have come from independent realizations of the same stochastic process. No doubt the reasons are one or both of the following:
1. At least parts of the viruses' genomes have descended from some common ancestral DNA in the past. They are not, yet, independent.
2. If an amino acid is to be conserved, perhaps by selective effects, then the first two bases of its codon have to be conserved. (Serine is the one exception.)
But it is also somewhat paradoxical that rather more of the transition probabilities to 3rd position bases than to 1st bases are strongly conserved between Kunjin and west Nile nonstructural genes. Neither of the two reasons given above seems to explain this. Admittedly, df are greater for the tests of third positions, which increases the power of the test.
To illustrate one of the most extreme cases of homogeneity across the viruses, the estimates pC2) for first-order transition probabilities from 1st to 2nd base in the E gene are given in table 9. According to the approximate x2 test, there is too little random variation between these arrays for them to be independent.
Subsequences
For an inhomogeneous Markov chain with varying degrees of dependency, there may be subsequences that are homogeneous. It can be shown that, if the bases at codon positions 1 and 2 are of first order and if the bases at position 3 are of second order, then the subsequence of first-position bases forms a homogeneous first-order Markov chain. And so too does the subsequence of third-position bases. In theory, the second-position subsequence may not form a Markov chain at all. Tavare ( 1986) found, for several DNA sequences, that each codon position subsequence, including the second-position subsequence, was consistent with a Markov chain model, but one of zero order with independence between successive bases. To investigate this for the present viruses, the likelihood-ratio test for independence, versus the alternative of first-order dependence, has been used. Lo statistics, as in equation (2), have been calculated for each codon position, each virus, and each gene, but by using the separate subsequences of sites spaced three apart. These 3 X 3 X 11 = 99 statistics should have Table 9 Viral Similarities of Transition Probabilities, E Gene
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West Nile Yellow Fever approximately the x2 distribution on 9 df if the hypothesis that such subsequences contain independent bases is true. The results are presented in table 10. Although eight entries in the table exceed the upper-5%-significance point, 16.9, of a x2 distribution on 9 df, they are not particularly excessive in a sample of 99 values. However, one L+ value is excessive-namely, 39.9 for gene NS5, third codon position, in the west Nile virus. This value is beyond the 0.001% upper-significance level. The transition probabilities in this extreme case are shown in table 11, whereas the overall base proportions in this subsequence are A, 0.24; U, 0.18; C, 0.29; and G, 0.30. Apart from this one case, the observed mean and standard deviation of the other 98 L,, values in table 10 are 9.5 and 4.5, respectively, which are close to the true values for the x2 distribution, which are 9.0 and 4.2, respectively. It seems reasonable, then, to conclude that the bases are approximately independent within most of the separate codon-position subsequences. A similar study (author's unpublished data) shows that independence is not generally the case for bases spaced only two positions apart. And independence does not hold between subsequences for the same gene, of course. 
Discussion
One possible use for stationary probabilities is the calculation of the probability that two sites on two different viruses would match. By way of illustration, if it were assumed ( 1) that both viruses had the same stationary distribution-i.e., rci" = Pr(codon position j occupied by nucleotide i), i = 0,1,2,3, j = 1,2,3-and (2) that both viruses had evolved independently, then the stationary match probability at codon position j would be ;: [7#Q2.
i=o If independence could be assumed between codon-positionj sites and between viruses, then the number of matches between such sites on two viruses would have a binomial distribution. When the table 5 base-usage proportions over all genes for the Kunjin virus are used as the estimated stationary probabilities, the match probabilities are 0.254,0.276, and 0.253 for the three positions, respectively. Clearly, no statistical test is needed to see that the observed percentages of matches in table 2 are substantially higher than these, especially at the first and second positions. (The same conclusion would be reached if the base-usage proportions appropriate to each particular gene had been used, rather than the overall proportions.) Independence of these viruses.is not a tenable hypothesis.
In the present context, the term "stationary" refers to a distribution in the limit along the sites of a gene. Our site-to-site transition probabilities are those that describe the current data's spatial relationships. Their stationary distributions are a consequence of the supposed Markovian dropping-off of correlation between spatially remote sites. (The data indicate that,such correlation is usually negligible for sites spaced even three apart.) There is also a concept of temporally stationary distributions achieved at particular sites in the limit as time increases. It is commonly assumed (e.g., see Gojobori et al. 1982~; Tavare 1986) that temporal substitutions at a particular site are due to mutations which are supposed to occur independently from site to site and at rates that are constant over time. Then, temporally stationary distributions would apply, independently from site to site, after sufficient time had elapsed. It is sometimes further assumed that temporal stationarity has already been achieved in the common ancestor of the sequences and that it hence would also occur in the sequences themselves. However, site-to-site independence is not what we observe, unless we look at subsequences of sites spaced, e.g., one codon apart. Simple models leading to temporal stationarity with independent sites are not compatible with models having spatial stationarity with Markovian dependencies between adjacent sites.
Three possible explanations (which are, of course, known to occur in various contexts) for the observed dependencies are that ( 1) sufficient time may not have elapsed for temporal stationarity to have been achieved; and/or (2) selection may have operated both before and since the viruses diverged, and/ or (3) mutation rates at a site might be dependent on the bases at surrounding sites.
These viral data reaffirm that sequence analysis is simpler if codon-position subsequences are analyzed separately, provided that their bases can be treated as independent and identically distributed within each subsequence. But, as has been pointed out by Tavare and Song ( 1989) , there may arise a problem in interpreting results from three subsequences, should these happen to be in some way contradictory. However, if a gene is analyzed as a single sequence including all consecutive sites, then the possible nonindependence of sites and their inhomogeneity of order and transition probabilities cause their own problems.
